For high-speed low-complexity filter design, it is common practice to constrain the filters' coefficients to be power-oftwo or a sum of powers-of-two terms (P2), avoiding the full multiplication.
INTRODUCTION
In the hardware design of high speed filters, when the coefficients assume power-of-two or a sum of powers-of-two (P2) terms, the filter multiplier can be built using a simple shift register or two shifters plus one adder. So the speed can be very high with a small area occupation. The design of P2 filters, is a very hard combinatorial optimization problem and several sub-optimal algorithms exist for the design of high coarse coefficients FIR filters [4-71.
Differently from the real coefficients case, the basic limitation of the fixed-point or P2 filters, is that, when the filter length is high, increasing the length doesn't affect the performance in terms of passband or stop-band ripple. This phenomenon is due to the coefficient quantization error which can be very high especially for small filter coefficients. To overcome this limitation for long filter design, different filter architectures can be used [51,[61. The filter sharpening techniques [ll. [21, [SI. in particular,  bring to simple hardware architectures, with small number of free parameters, allowing more efficient filter design with better performance especially for long filtes. The basic idea of filter sharpening is the design of an optimized short subfilter to be used as a building-block of moTe sophisticate polynomial structures. The sub-filter blocks are then combined such that a small hardware overhead is needed [l], [21. Kaiser and Hamming, in El] proposed a simple sharpening structure using a suitable polynomial Amplitude Change Function (ACF) that, with some constraint, can be heuristically determined. In [2] Saramaki presented a more general method where the sub-filters and the ACF can be optimized by using a frequency transformation approach. Zhao and Tadokoro, in [5] proposed a method for simple symmetric sharpening (SSS) for P2 filters without polynomial optimization.
In this paper we propose a new P2-filter sharpening technique, based on a specific genetic algorithm (GA) optimized for designing multiplier-less digital filters, which allows the simultaneous optimization of the sub-filter and the sharpening polynomial coefficients, both expressed as power-of-two's.
The new design method, allowing to find global suboptimal solutions for both sub-filters and polynomial structures, can overcome the previous procedure [ 12.51 which instead were able to optimize no more than one circuit at a time.
Moreover the proposed procedure is able to find solutions also for very long direct form equivalent filters, letting to design P2 FIR filters with longer impulse response.
Moreover, the use of the GA's, due to their implicit parallel nature, allows to expIore many possible solutions at each generation and let the design procedure to be implemented easily and efficiently on parallel machines.
THE DESIGN METHOD
The sharpening approach consists of combining several
(1) 0-7803-3192-3/96 $5.0001996 IEEE were M is the order of the polynomial, p i are the coefficients, and H(z) is the overall filter response. For infinite precision filter coefficients, the AFC polynomial P[D(z)] can be built in such a way that it has the nth-order tangency at zero, the mth-order tangency at unity, and passes through the points (0,O) and (1,l). In [l] Kaiser and Hamming proposed the following polynomial P[D(z)] Let p and d be two arrays containing the power-of-two polynomial and filter coefficients respectively, therefore we assume that the elements of both p and d belong to the following domain:
where 1 is the number of powers of two which forms the coefficients (usually &l or &2), B and K are the integers representing the maximum number of left and right shift that can be performed to avoid the full real multiplication. For P2 sharpening filters, in order to obtain better performance, we use a filter gain G which can vary in order to minimize the quantization error of both filter and polynomial coefficients, according to the following formula: and Sb(G) are defined in order to minimize the quantization error due to the rounding of the polynomial coefficients considering that the sharpening polynomial should have a local maximum near the point (GJ).
The sharpening polynomial is then built similarly to (2) as
Let ( 2. Determine the real value GO by the minimizion of (5).
Using the expression (8). determine the polynomial coefficients p using [Go D(z)] as argument.
The polynomial coefficients are computed by (8) Using such integer codes as genetic strings, a population of quantized filters is created. The evolution then takes place with given probabilities of mutation and crossing-over. The fimess of each individual is computed by expr. (4) and then normalized so that the lowest fitness in the population is set to 0 and the highest to 1oooO. To avoid the genetic drift in small populations, we have chosen to use a multiple crossing-over [8] on the genetic strings of two individuals. An elitist mechanism, similar to the De Jong's model [8] , has been also implemented, increasing the fitness of the best individuals in the population by a fixed amount roughly proportional to the fitness itself.
After a given number of generations, the performance has been measured by the maximum weighted error edB expressed in decibel [5,6]: where 6 is the peak weighted ripple, Hmaxm and Hminm are respectively the maximum and minimum value of the frequency response in the passband.
EXPERIMENTAL RESULTS
In order to test the proposed method, many linear-phase sharpening FIR filter design experiments have been carried out varying the filter lengths and the initial conditions for the GA. In this paper we report only 3 significant designs already proposed in [51. Table 1 From this results we can observe that for short P2-FIR filter the direct form performs better than the SSS form. As above remarked, on the contrary when the filter length becomes high (greater than 99 taps) the P2-SSS design overcomes the P2-FIR direct form. We can also note that P2-SSS filters perfom better than the infinite precision SSS.
CONCLUSIONS
A new approach to design P2 sharpening filters has been proposed. It is based on the use of a specific genetic algorithm that, with a particular free parameters encoding around a set of suitable leading values, allows to obtain a very high reduction of the computational cost.
The experimental results show that optimising both the polynomial and the filters coefficients allows to obtain very good performances, sometime better that the simple infinite precision sharpening techniques. 
